The current study investigated the effects of novel hybrid polyacrylamide polymers as ash (slime) depressants in fine coal flotation to enhance combustible recovery and ash rejection. Coal samples at P 80 of approximately 45 um with ~25% ash content were floated in the presence of in-house synthesized hybrid aluminum hydroxide polyacrylamide polymers (Al(OH) 3 -PAM, or Al-PAM). All flotation experiments were carried out in a 5-L Denver flotation cell. Various influencing factors were examined to optimize the flotation process in the presence of the Al-PAM polymers, including the Al-PAM dosage, Al-PAM conditioning time, impeller rotation speed and pulp pH. Comparative and synergistic studies were also performed using organic polyacrylamide polymers (PAMs), commercial dispersants and Al-PAM/dispersant system. Results showed a significant improvement in both combustible recovery and ash rejection at an Al-PAM dosage of 0.25 mg/L. The maximum combustible recovery obtained, at natural pH, with Al-PAM and Al-PAM/dispersant system was determined to be 70% and 66% at ash content of 7.74% and 7.4%, respectively. Zeta potential values of both the raw coal and concentrate products showed a large shift toward more positive values (from −50 mV to −13 mV), indicating a significant decrease in ash-forming minerals (slimes) when Al-PAM polymers were applied.
Introduction
The effective liberation of coal particles from lower-grade coal deposits requires micron and submicron comminution processes that will generate a vast amount of coal fines. A large amount of coal fines and ultrafines can also be generated due to the adoption of modern full seam mechanized mining, ore handling and preparations [1] . These produced coal fines and ultrafines contain an enormous amount of colloidal-sized, ashforming minerals due to the admixture of clay minerals and other impurities that would likely disseminate to fine and ultrafine fractions. In the past, coal fines from the mines were discarded or stored in refuse ponds. According to a study conducted by the National Research Center, over 70 -90 million tons of coal fines were annually deposited in refuse ponds in the USA [2] . The fine coal refuse is said to be environmentally harmful, leaching toxins into rivers and streams. The rise of stricter environmental regulations to minimize the pollution of land and water has hastened the need for the cleaning and recovery of discarded coal fines particles. Additionally, improving coal prices and technology have made the recovery of coal fines more viable, as they represent a notable economic resource base. At present, conventional froth flotation is the only commercially available method for the cleaning and recovering of coal fines [3] . The process utilizes differences in surface wettability between coal particles and ash-forming inorganic matter. However, the coal flotation process has been challenging, problematic and costly due to the slime coating of colloidal mineral matter on the surfaces of coal particles and air bubbles. These slime coatings likely reduce the effectiveness of flotation recovery, especially when fine grinding is required. Slimes inhibit bubble-particle attachment and increase reagent consumption due to an increased solid/liquid interfacial area, resulting in low coal recovery.
Synthetic and naturally occurring polymers have been successfully used in mineral processing/coal preparation mainly as gangue depressants or dispersants to increase the combustible recovery of coal fines [4] - [10] . Reza et al. proposed selective flotation using sodium polyacrylic acid and polyacrylamides. In this method, polymers were added to the flotation pulp to selectively flocculate the ash-forming minerals [11] . The results showed that sodium polyacrylic acid improved the recovery but did not enhance the reduction of sulfur and ash, whereas polyacrylamide completely depressed the coal and hence reduced the overall recovery. Raleigh and Aplan reported that the dual use of mineral dispersants and polymeric depressants improved the overall coal flotation recovery and ash reduction by rejecting partially locked or coal-free gangue that were accidentally trapped in the froth layer [12] . Several investigators have also demonstrated that the use of tri-block copolymers of polyethylene oxide (PEO) and polypropylene oxide (PPO) as flotation collectors could increase the hydrophobicity of coal and significantly increase the overall recovery. However, these polymeric surfactants were unable to reduce the ash content [7] . There is no literature available on the use of Al(OH) 3 -PAM (Al-PAM) hybrid polymers in coal flotation. However, Li et al. investigated the effects of an Al-PAM hybrid polymer on the recovery of bitumen during the flotation of oil sands [13] . In that study, Al(OH) 3 -PAM and partially hydrolyzed anionic PAM (Magnafloc 1011) were used either separately or together. The results showed that the use Al(OH) 3 -PAM alone led to a decrease in bitumen recovery due to the formation of large bitumen lumps during froth flotation. However, holistic improvements in bitumen recovery, froth quality and tailings settling were achieved when Al(OH) 3 -PAM was used in combination with Magnafloc 1011 at a low dosage. In the current work, a novel organic-inorganic hybrid polyacrylamide polymer, Al-PAM, was synthesized and used for the selective depression of ash-forming mineral matter in fine coal flotation. The influence of polymer dosage, polymer conditioning time, pulp pH and impeller speed were investigated. The effect of commercially available polyacrylamide (PAM) polymer and sodium metasilicate dispersant on the flotation process were also examined for comparison.
Experimental Section

Materials
Coal samples used in this study were obtained from a mine located in Southern Illinois, USA. The as-received run-of-the-mine coal was first crushed in a jaw crusher (2 × 6 model, Sturtevant Inc., Hanover, MA, USA) and then further crushed in a roll crusher (8 × 5 model Sturtevant Inc., Hanover, MA, USA) to a size of 850 μm. Finally, a laboratory ball mill was used to grind the coal samples to a finer size. After crushing and grinding, the coal was screened to −75, +38 µm to be used as a feed in all flotation experiments. The particle size distribution of the flotation feed showed a P 80 value of 45 um. The proximate analysis of the −75, +38 µm coal (flotation feed) is shown in Table  1 . Proximate analysis was conducted as per ASTM D3172-13 standards. All chemicals used in the flotation experiments were purchased from Fisher Scientific (USA). This includes kerosene, which was used as a coal collector; methyl isobutyl carbinol (MIBC), which was used as a frothing agent; sodium metasilicate, which was used as a dispersant in synergistic studies; and polyacrylamide polymer, which was used in comparative studies. Sodium hydroxide (NaOH) and hydrochloric acid (HCl) were used to adjust the pH of the flotation pulp and were also purchased from Fisher Scientific (USA).
Synthesis of Al(OH)3-Polyacrylamide (Al-PAM)
The hybrid polyacrylamide Al-PAM was synthesized in-house according to a procedure described elsewhere [14] . Al-PAM was synthesized by the polymerization of acrylamide monomers in an Al(OH) 3 
Polymer Characterization
The aluminum content by weight in Al-PAM polymer was measured using the Perki- Molecular weight of Al-PAM was determined using a Zetasizer Nano (Malvern Instruments Ltd., USA) by employing static light scattering (SLS). Zetasizer Nano software measures the intensities of the scattered light of the polymer sample and automatically calculates the molecular weight by applying the Rayleigh Equation (1) below [15] .
where Rθ is Rayleigh ratio which is the ratio of scattered light to incident light; M W is the molecular weight; A 2 is the 2 nd Virial Coefficient which represents the interaction strength among the polymer chains and has been correlated with solubility [16] ; C is the concentration of polymer solution; P(θ) is the angular dependence of the sample scattering intensity and K is the optical constant as defined below in Equation (2).
where N A is Avogadro's constant; λ o is the wavelength of laser used; n o is the refractive index of the solvent and dn/dc is the differential refractive index increment which is the change in refractive index as a function of the change in concentration. Therefore, a plot of KC/Rθ versus C is expected to be linear with an intercept equivalent to 1/M W and a slope equal to the second virial coefficient A 2 . This plot is known as "Debye plot".
To establish Debye plot of Al-PAM, samples of different concentration; 15, 13.5, 10.5 and 7.5 mg/ml were prepared. The calibration was made by using pure (>99.5%) toluene. All measurements were conducted at 25˚C. The Debye plot for the Al-PAM data is shown in Figure 1 , which indicates a molecular weight of 6.180 × 10 6 Da and a 2nd
virial coefficient of 0.000126 ml•mol/g 2 .
X-Ray Diffraction (XRD) Analysis
An XRD analysis was used to reveal qualitative information on the mineral composition of raw coal samples (−75 µm +35 µm) used in this study. The XRD analysis was performed using a PANalytical X'Pert Pro Multi-Purpose Diffractometer (MPD; PANalytical, Inc., MA, USA) system with a Cu (k-alpha)-source at a tube voltage of 40 kV. Table 2 and Figure 2 show the quantitative and qualitative analyses, respectively, of the mineral matter composition in the coal samples obtained from the XRD analysis. The proportion of amorphous material to crystalline material in the coal sample was determined to be 76.2% by weight, which is in a good agreement with ash contents determined Figure 1 . Debye plot generated by zetasizer nano ZS software to determine the molecular weight of Al-PAM polymer used as ash depressant. 
Release Analysis (RA)
An RA is the analogous counterpart in coal froth flotation to the float and sink methods in coal gravity concentration. The major objective of an RA is to obtain the best possible separation performance by any froth flotation process [17] . The flotation RA was carried out in a conventional laboratory flotation cell. Figure 3 shows the timed RA result for a coal flotation feed sample: combustible recovery vs. product ash. At a product ash content of 8.2%, the combustible recovery of coal is approximately 58% -59%.
The timed RA data indicated that the coal sample used in this study had poor floatability and that further cleaning of this coal sample to produce a product ash of 5% -6%
would be difficult. The combustible recovery of coal decreases sharply as the ash products decreases to less than 6%. RA was also used to obtain a clean coal product (<4% ash) for comparative zeta potential measurements. 
Zeta Potential Measurements
The zeta potential of the coal samples were measured using a Zetasizer Nano ZS in- 
Batch Flotation Tests
Batch flotation experiments were conducted to study the effects of novel organic/inorganic (hybrid) polyacrylamide polymers in enhancing the combustible recovery and ash rejection of coal flotation under various operating parameters. All flotation experiments were conducted 3 times as indicated by the error bars in the figures. In the study, various parameters, such as polymer dosage, impeller speed, pH and conditioning time, were assessed individually. All of the flotation experiments were run in a 5-L D12-Denver flotation laboratory cell at natural pH unless otherwise stated. The air flow rate and solids concentration were kept constant at 6 L pm and 5%, respectively, in all experiments. In a typical flotation test, 253 g of coal and 4800 mL of tap water were loaded in the 5-L cell, and the pulp was conditioned to allow wetting of the coal for 5 min prior to any reagent addition. Collector (i.e., kerosene) was then added at a predetermined dosage, and the suspension was conditioned for an additional 3 min. A desired dosage of Al-PAM was added after the slurry was conditioned with the collector, and the pulp was agitated for another 3 min. When the dispersant was used, it was first added before adding the collector. The polymer and dispersant dosages are expressed in reference to the total volume of the feed slurry (i.e., the combined volume of coal and water). The frothing agent (MIBC) was added at a fixed amount of 200 μL/ton on a mass basis relative to the dry feed mass. The pulp was further conditioned for 2 min before air was introduced. The resultant froth was collected at 1-min time intervals.
The concentrate fractions were washed, filtered and dried in an oven overnight at 80˚C.
After drying, the ash contents of the concentrates were determined according to ASTM D3174-73 [18] .
Kinetic Tests
Flotation kinetic tests were conducted to determine the effects of Al-PAM on the flotation rate constants. All experiments were conducted in the presence or absence of
Al-PAM at the optimum dosages for comparison purposes. In each test, the froth product was collected at 1-min time intervals; 5 fractions were collected. The collected fractions were washed, filtered and dried in an oven overnight at 80˚C. After drying, the ash contents of the concentrates were determined according to ASTM D3174-73. forces and/or hydrogen bonding. Coagulation would result in the settling of coal particles and thereby decrease the recovery. Additionally, the product ash content also increased from 7.9% to 13.7% as the Al-PAM dosage increased from 0.5 to 3 mg/L.
Results and
Influence of Impeller Speed
To better understand the effect of hydrodynamics on the flotation performance, coal flotation experiments were carried out at various impeller speeds (i.e., 1200, 1500, 1800
and 2100 rpm) in the presence or absence of Al-PAM polymers. First, a set of baseline flotation experiments were conducted without Al-PAM. Figure 6 (a) and Figure 6(b) show the effects of the impeller rotational speed on the clean coal combustible recovery and product ash in the absence or presence of Al-PAM. As shown in Figure 6 (a), the combustible recovery of coal increased with increasing impeller speed in the absence or presence of Al-PAM. However, this increase was greater with Al-PAM than without Al-PAM. This increased combustible recovery was due to the increased amount of energy being introduced into the cell system by impeller agitation. At higher agitation speeds, the momentum of coal particles increased and improved the collision probabilities with air bubbles. In the case of product ash, Figure 6 (b) shows that in the presence of 0.25 mg/L of Al-PAM, lower product ash content was observed at lower impeller rotational speeds and a higher product ash content was observed at higher impeller speeds. The optimum impeller rotation speed was found to be 1800 rpm with the lowest product ash of 7.9% and a combustible recovery rate of 66.85%. This optimum value was similar to that obtained when no polymer was added. The fact that the addition of Al-PAM to the flotation pulp increased the overall combustible recovery and slightly decreased the product ash (significantly at 1800 rpm) illustrates that the presence of Al-PAM considerably improved the flotation efficiency. enables regents to be uniformly distributed within the suspension and thereby improves the collision and adhesion probability of distributed reagents with coal particles [19] . In this set of experiments, the polymer dosage, impeller speed and pH were kept constant at 0.25 mg/L, 1800 rpm and 7.8, respectively. The polymer conditioning time was varied at 0, 3, 6 and 9 min. The results of the combustible recovery and product ash of coal as a function of polymer conditioning time are shown in Figure 7 . The combustible recovery of coal initially increased with increasing conditioning time until a maximum was reached at 3 min. The combustible recovery was 59.47% before conditioning and increased to 66.85% after 3 min of conditioning time. The combustible recovery decreased slightly to 65.92% and 62.97% as the polymer conditioning time further extended to 6 and 9 min, respectively. The results also showed that a cleaner coal product with lower ash content was obtained as the polymer conditioning time increased. The optimum conditioning time was found to be at 6 min, at which a combustible recovery of 65.92% and a product ash of 7.74% were observed. . Zeta potential distribution peaks for clean coal (4% ash), raw coal, concentrates obtained from froth flotation experiments using Al-PAM, the dual Al-PAM-dispersant system and in the absence of both Al-PAM-dispersant (baseline). Black and gray circles represent coal and mineral matter (slime coating) particles, respectively.
Influence of Polymer Conditioning Time
Influence of pH
closer to its isoelectric points, i.e., at pH 3 -5 [20] [21] . As is further shown in the Figure 8(a) , the combustible recovery of coal decreased at an alkaline pH of 10.2. At this relatively higher pH, the surface charge on coal particles will be more negative and this will increase the possible adsorption or precipitation of positively charged metal ions from solution and decreased flotation. The influence of pH on clean coal combustible recovery in the presence of Al-PAM alone was similar to the trend observed for the baseline experiments. However, the addition of Al-PAM increased the combustible recovery of coal from 70.48% (baseline experiments) to 78% at pH 5. A weakly acidic pulp pH of 5 likely made the coal surface slightly less electronegative, which in turn would decrease the competitive adsorption of polymer on coal particles and increase the selectivity of polymer adsorption on ash particles. Thus, a higher floatability and combustible recovery is achieved. As shown in Figure 8( 
Kinetic Studies
The influence of Al-PAM on fine coal flotation can be partially explained by the flotation rate constants. Batch flotation in a mechanical cell is based on the first-order flotation rate Equation (3) [22] .
where C is the concentration of hydrophobic particles in the cell at any time, t is time (representing the duration of the flotation test) and k is the flotation rate constant.
Solving Equation (3) for the flotation rate constant results in Equation (4):
where R is the flotation recovery, which is defined as the ratio of the concentration of hydrophobic particles at time t (C(t)) to the original concentration of hydrophobic par- Table 3 . Figure 10 . Kinetic rate tests with and without Al-PAM at natural pH of 7.8 and pH 5.
Comparative Studies
Influence of Polyacrylamide Polymer (PAM)
For comparison, coal flotation experiments were conducted in the presence of commercially available polyacrylamide (with a molecular weight of ~5 × 10 6 Dalton) to determine the effects of polyacrylamide on combustible recovery and product ash. Flotation experiments were first conducted by varying the dosage of PAM at a constant natural pH of 7.8. The effects of PAM on the combustible recovery of coal and product ash at pH 7.8 as a function of PAM dosage are shown in Figure 11 . Without PAM in the flotation pulp (only collector and frothing agents were present), the combustible recovery of the coal was 59.47% with a product ash content of 8.2%. However, the recovery of coal decreased when PAM was added to the flotation and as the PAM dosage increased from 0.08 to 3 mg/L. The overall combustible recovery of coal decreased from 54.47% to 30.54%. The results obtained in this study correlated with those obtained by Moudgil [4] . Moudgil conducted coal flotation experiments in the presence of PAM and found that coal recovery completely ceased after the addition of PAM due to the adsorption of hydrophilic polymer molecules on coal particles, rendering the surface of the coal particles polar. These results could explain the observations of this study. The addition of Table 3 . Flotation rate constants and ultimate recovery. PAM increased the amount of ash content in the concentrate. The product ash obtained when no PAM was added was lower at an ash content of 8.2%. However, the ash content in the concentrate increased considerably when PAM was added to the flotation pulp. The overall ash content in the product ash increased from 8.2% to 19.62%.
Influence of a Dispersant
Coal flotation was conducted in the presence of an ash dispersant to investigate whether an ash dispersant would optimize the flotation performance. Sodium metasilicate was selected as the dispersant because it has been reported to be one of the most effective dispersants for coal flotation [12] . A control experiment (with no dispersant added) was performed for baseline measurements. The combustible recovery of coal and product ash for the control experiment was 59.58% and 8.2%, respectively. As shown in Figure 12 , the addition of the sodium metasilicate dispersant in the range of 0.2 to 0.8 mg/L improved the overall combustible recovery of coal from 59.58% to 63.80% and increased the product ash content from 8.2% to 8.1%. Therefore, a dosage of sodium metasilicate of 0.2 to 0.8 mg/L could ably disperse clay slimes and eliminate slime coating. This would prevent the floating of high ash-forming particles. Bulatovic et al. proposed that sodium metasilicate disperses clay slimes by two mechanisms [23] . One mechanism involves the dispersion of clay particles by electrostatic repulsion due to the presence of free polysilic acid, which is partially ionized. The adsorption of these ions on the surface of clay particles increases the negative charge density and thereby results in particle repulsion. The other mechanism is that sodium metasilicate may adsorb onto the clay particle surface and form a hydrated layer, leading to an increased negative charge and electrostatic repulsion [24] . The increased combustible recovery of coal in the presence of the dispersant alone was smaller when compared with the case where flotation was carried out using Al-PAM alone. The addition of Al-PAM to the flotation pulp increased the combustible recovery of coal by 7.2%, whereas the dispersant increased the recovery by 4%. 
Synergetic Studies
Experiments were conducted to evaluate the use of a dual Al-PAM-dispersant system to improve the combustible recovery of coal and ash depression during coal flotation.
First, floatation experiments were conducted using Al-PAM alone at various dosages.
These experiments were mainly conducted to determine the optimum dosage of Al-PAM, as shown in Figure 4 . Then, flotation experiments were conducted at the optimum dosage Al-PAM with varying dosages of sodium metasilicate dispersant. The
Al-PAM dosage was kept constant at 0.25 mg/L throughout the experiments. In each experiment, the dispersant, collector, Al-PAM and frothing agents were added sequentially.
As shown in Figure 12 , the overall combustible recovery of coal was improved using the dual Al-PAM-dispersant system. The combustible recovery of coal increased to 63.80% at sodium metasilicate dosages between 0.2 and 0.8 mg/L. A slight decrease was observed in the coal recovery when the dual polymer-dispersant system was used compared with polymer alone. This depression may be due to the adsorption of sodium metasilicate on the surface of the coal particles, imparting hydrophilicity, prior to polymer addition. However, unlike combustible recovery, the overall product ash was greatly improved when the dual Al-PAM-dispersant system was used compared with the use of dispersant or Al-PAM alone. A product ash with an improved ash content of 7.4% was obtained when the dual Al-PAM-dispersant system was used when compared with the ash content of 8.11% observed for a system using dispersant alone. When sodium metasilicate was added to the suspension prior to adding Al-PAM, the silicate dissociates to produce highly electronegative anionic species, which then electrostatically adsorb onto the ash-forming minerals (and to a lesser extent, on coal particles) and causes the charge density in an electric double layer around the coal and ash-forming mineral particles to increase. This results in increased electrical repulsion and thereby disperses the coal and ash-forming mineral particles in the suspension. The dispersion effect of sodium metasilicate allows Al-PAM to easily adsorb on the surface of high-ash-forming minerals (slimes), facilitates their aggregation and decreases the entrainment of ash particles in the froth layer.
To further investigate the dual use of the Al-PAM-dispersant system, flotation experiments were conducted at a slightly acidic pH of 5 and an alkaline pH of 10. In this set of experiments, the polymer dosage, dispersant dosage, impeller speed and polymer conditioning time were kept constant at 0.25 mg/L, 0.8 mg/L, 1800 rpm and 6 min, respectively. Figure 13 (a) and Figure 13(b) show the effect of pH on the clean coal combustible recovery and product ash in the presence of dispersant alone or with the dual Al-PAM-dispersant system. As seen from Figure 13(a) , the use of dispersant or the dual use of the Al-PAM-dispersant system did not improve the combustible recovery of coal at pH 5 or 10. The observed decrease in the combustible recovery at the acidic pH was due to better ability of sodium metasilicate to dissociate to form colloidal silica gels. These colloidal silica gels are negatively charged at acidic pH and will readily adsorb onto the positively charged coal surfaces, rendering them hydrophilic and allowing for high-ash-forming minerals to float. These results correspond well with the results reported in the literature [25] . As shown in Figure 13 (b), higher product ash content was obtained when a dispersant was used alone at either pH. However, a cleaner product ash of 7.4% was obtained when a dual Al-PAM-dispersant system was used at pH 7.8.
Electrokinetic Studies
The role of Al-PAM in fine coal flotation was fundamentally explored by examining the surface properties of raw coal and froth after polymer-assisted flotation. Zeta potential measurements were conducted for clean coal (4% ash), raw coal and concentrates from froth flotation experiments in the absence or presence of Al-PAM. Froth products obtained from the use of the dual Al-PAM-dispersant system were also tested for comparison. The zeta potential values of clean coal (4% ash) and raw coal as functions of increasing and decreasing pH were determined and are shown in Figure 14 . Clean coal Figure 13 . Effect of pH on combustible recovery (a) and product ash (b) in the presence of Al-PAM, dispersant and a dual Al-PAM-dispersant system. (4% ash) exhibited a positive charge at pH levels below 3, whereas raw coal has a negative charge over the pH range of 2 -11. As the pH increased from 3 to 11, the zeta potential of clean coal (4% ash) became more negative. The isoelectric point of clean coal is approximately pH 3.5, which indicates that as pH decreased below 3, the amount of adsorbed hydronium (H + ) ions increased on the surface of the coal, positively charging the surface of the coal. Conversely, when the pH increased above 3, the amount of hydroxyl (OH − ) ions increased and adsorbed on the surface of the coal particles, replacing the hydronium ions and rendering the surface negatively charged. This indicates that changing the concentration of the hydronium or hydroxyl ions changes the magnitude and sign of the zeta potential. As the pH increased from 2 to 11, the zeta potential of the clean coal (4% ash) was the most negative, whereas that of the raw coal was the least negative. The less negative surface charge of raw coal (compared with clean coal) under increasing pH is attributed to the adsorption of positively charged metal ions, such as Mg 2+ , Ca 2+ and Fe 2+ , on the negatively charged surface of raw coal particles [26] .
Results for the zeta potential distribution peaks for clean coal, raw coal, concentrates obtained from froth flotation experiments using Al-PAM, the dual Al-PAM-dispersant system and collector or frothing agent alone are shown in Figure 9 . The zeta potential distribution peaks for clean coal, raw coal and froth concentrate obtained from Al-PAM, the dual Al-PAM-dispersant system and collector or frothing agent alone were −3.5, −46.59, −21.5 −10.04 and −32.9, respectively. The shift of the peaks to more positive zeta potential values after flotation indicates a significant removal of ash-forming minerals from the coal surface by Al-PAM. For illustrative purposes, the interaction between ash-forming mineral and coal is shown in Figure 9 by black and white circles representing mineral matter (slime coating) and coal particles, respectively. For raw coal, coal particles are fully covered by the ash-forming minerals (slime coating), as shown schematically in the figure inset. This was confirmed by the measured zeta potential of raw coal. The zeta potential peak shifted left (more negative) and is dependent on the ratio of the components, illustrating the reduced combustible recovery of coal in flotation experiments.
Conclusion
The laboratory batch flotation results obtained in this study demonstrated the positive impacts of hybrid polyacrylamide polymers (Al-PAMs) on the combustible recovery of coal and ash reduction. Results indicate that the use of a dual Al-PAM-dispersant system provided an attractive means for improving the overall flotation performance. An optimal separation was obtained when 0.25 mg/L of Al-PAM and 0.8 mg/L of sodium metasilicate were added to the flotation pulp. The study also shows that the depression of coal during flotation in the presence of sodium metasilicate can be minimized by adding relatively low dosages of dispersing agents. However, moderate-to-high levels of coal depression may be expected when sodium metasilicate is added in excess. Furthermore, this work demonstrates that an organic/inorganic (hybrid) polyacrylamide polymer is a better ash-forming depressant than commercially available organic polyacrylamide (PAM).
